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Introduction
Multiple emulsions [1] have attracted significant interest in the past several decades.
They have potential applications in the pharmaceutical industry, such as carriers of active pharmaceutical ingredients, e.g. in drug delivery systems [2] ; cosmetics, e.g. deposition of water soluble benefit agents onto skin [3] ; and the food industry, e.g. encapsulation of flavours [4, 5] , production of food with lower fat content [6] and protection of sensitive and active food components from a local harsh environment [7] . Multiple emulsions are very suitable for encapsulation of hydrophilic bioactive components, such as: vitamin B [8] , immunoglobulin [9] , insulin [10] and amino acids [8, 11] , and they are also useful for preparation of delivery systems that contains lipophilic encapsulants, such as flavour [12] and both lipophilic and hydrophilic bioactive components in the same system [8] .
Multiple emulsions are complex systems where both water-in-oil (W/O) and oil-inwater (O/W) emulsion types exist simultaneously [13] . Water-in-oil-in-water (W/O/W) emulsions contain small primary water droplets within larger oil droplets while the oil droplets are dispersed within the secondary continuous water phase. In the second step of the emulsification process, when the W/O/W droplets are produced, carefully controlled shear needs to be applied as there is a requirement not to rupture the primary emulsion [14] , which would lead to a lowering of the encapsulation efficiency. Also, many ingredients suitable for multiple emulsions are temperature and shear sensitive, and application of high shear would lead to deterioration in their properties [15] . Membrane emulsification (ME) can be used to prepare emulsions, with low mechanical stress [16] or even without any shear [17] , at a low energy input compared with conventional emulsification methods and with better control of droplet size [18] . Crossflow ME, where dispersed phase is pressed through the microporous membrane while continuous phase flows along the membrane surface, is not convenient for production of larger droplets, typically over 15 μm, due to the need to recycle the dispersion over the membrane surface leading to damage to the previously formed drops within the pump and fittings of the system [19] . Larger diameter drops are appropriate for controlled release applications, or encapsulations, in food supplements and for crop nutrients and are often a precursor to the formation of a complex coacervate encapsulated particle.
Unrefined pumpkin seed oil is particularly rich in omega-3 fatty acids [20] and tocopherol [21] and should be emulsified under low shear conditions to avoid heating and lipid oxidation. Pumpkin seed oil has a rich flavour which is easily lost if heated, therefore, membrane emulsification seems to be a very convenient technique for production of emulsions of unrefined pumpkin seed oil of high biological value and desired organoleptic properties.
Other related methods of producing W/O/W emulsions include microfabricated channel arrays [22] [23] [24] , T-junction [25] and flow focusing channels [26] . These techniques can provide exceptionally uniform droplets and high encapsulation efficiency, but in all cases they have very low productivity (1 to 10 mL per hour at pore sizes equivalent to the work reported here) restricting their use to laboratory investigation of formulation conditions. They do not provide a readily scalable technique for commercial production. A previous study using stirred cell emulsification of single emulsions of unrefined pumpkin seed oil, and refined sunflower oil, using the Micropore Technologies Dispersion Cell [27] demonstrated the feasibility of the technique. Scaling from the stirred cell approach to an oscillating membrane system was also demonstrated [28] , whereby it would be possible to provide greater membrane area for commercial applications.
The aim of this work was to investigate the influence of the internal phase content, shear at the membrane, membrane pore size, and flux through the membrane on the production of multiple emulsions using a metal disc membrane in the Dispersion Cell.
The encapsulation efficiency of a marker (copper salt) was also investigated. To predict the droplet size a model introduced in previous work for simple emulsions [27] was used. The droplet diameter x is calculated from a force balance of the capillary force (function of interfacial tension and pore size) and the drag force (function of a shear stress and the droplet size) acting on a strongly deformed droplet at a single membrane pore: 
where r p is the pore radius,  av is the average shear stress,  is the interfacial tension and x is the formed droplet diameter. The average shear over the whole membrane area is given by: 
where D m is the effective diameter of the membrane, i.e. the diameter exposed to the continuous phase, r trans is transitional radius (where the shear stress reaches the maximal value) [27] , r is distance from the membrane centre,  is the continuous phase density,  is the angular velocity,  is the continuous phase coefficient of dynamic viscosity and δ is boundary layer thickness
For the purposes of modelling the release of an encapsulated species a diffusion based model was assumed:
where q is the concentration of the encapsulated species expressed as grams of species encapsulated divided by grams of total particle, t is time, r x is the radial position within the particle (or W/O/W composite drop) and D eff is the 'effective' diffusion coefficient for the transferring species within the drop. At the start of the release period, the concentration of the encapsulated species in the surrounding water phase is zero and it is assumed to remain negligible; providing one boundary condition for the solution of equation (3) together with a differential lower boundary where:
which is a statement that the concentration of the transferring species is symmetrical within the drop/particle, in spherical polar coordinates, around the origin of the drop.
Equation (3) can be solved numerically for the concentration of the encapsulated species with both radial position and time using these boundary conditions and an initial condition based on a knowledge of the total mass of encapsulated species within the drop, which is assumed to be uniformly distributed at the start of the release process. A material balance can be used to calculate the mass of encapsulated species leaving the drop/particle and, therefore, the resulting concentration of the species within the exterior water phase, which may then be used to predict the variation of encapsulation efficiency with time (i.e. the release profile). 
Experimental

Materials
Membranes and membrane module
The emulsions were obtained using a Dispersion Cell with a flat disc membrane under the paddle blade stirrer, as shown in Fig shear stresses between 1 to 18 Pa [27] ). The initial volume of surfactant solution in the cell was 125 cm 3 and the experiments were run until the dispersed phase concentration reached 5 vol.%. Once the desired amount of oil had passed through the membrane, both the pump and the agitator were switched off and the droplets were collected and analyzed. The membrane was cleaned with 8 M NaOH in an ultrasonic bath for 5 min followed by treatment in 10 vol.% HCl solution for 5 min. To evaluate the drop-size distribution and droplet diameter, a laser diffraction particle size analyzer (Malvern Mastersizer, Model S) was used. For each emulsion, three separate samples and measurements were performed and the mean average of these is reported.
The particle size was expressed as the volume median diameter d(v,0.5), which is the diameter corresponding to 50 vol.% on the cumulative distribution curve. The relative span of a drop size distribution was used to express the degree of drop size uniformity: span=[d(v,0.9)−d(v,0.1)]/d(v,0.5). Photomicrographs of the prepared emulsions were also taken, to confirm the droplet size reported by Malvern Mastersizer S. The photomicrographs of membrane surface and emulsions were taken using a Leitz Ergolux optical microscope.
Measurement of encapsulation efficiency of the marker substance
For measuring the encapsulation efficiency of the internal water phase (W 1 ) The encapsulation efficiency (Y) was expressed as the fraction of copper that remained encapsulated within the water droplets after multiple emulsion production [38] :
where M i is the mass of copper initially present in the internal water droplets in the W/O emulsion and M e is the mass of copper present in the external water phase in the W/O/W emulsion after homogenization.
The encapsulation efficiency is calculated by assuming that the amount of copper released from the inner water droplets is proportional to the amount of water released and that the copper is released due to expulsion of the internal water droplets during formation of the W/O/W emulsion, or with time during release profile studies. The mass of copper initially present in the internal water droplets in the W/O emulsion is then given by
The mass of copper present in the external water phase in the W/O/W emulsion after emulsification is then given by [30] 
In this study, the encapsulation efficiency is expressed as a percentage. For the particular system used in this study, C
Hence, the encapsulation efficiency is given by the following approximate expression:
, when C i and C e are expressed in % w/v. (high shear stress) had smaller drop diameter than the ones produced at low rotation speed (low shear stress) which is in agreement with the literature [18, [27] [28] [29] . As can be seen from Fig. 2 in the case when rotation speed was 230 rpm droplets greater than 300 μm were formed, which is considerably larger than the spacing between the pores. Therefore, the drops on the membrane surface would need to deform before detachment, and it may be that not all pores of a membrane are active [31] , providing more space for droplets to grow on the membrane. Unrefined pumpkin seed oil is rich in many compounds that can be adsorbed on the membrane surface, such as free fatty acids, minerals, phospholipids, chlorophyll, and aromatic components. The adsorption of these components as well as molecules of PGPR on the membrane surface may lead to membrane wetting by the oil phase. Such interactions could cause alteration of the membrane surface from hydrophilic to hydrophobic [32] . Therefore, Tween 20 and Pluronic F68 were used as water soluble surfactants, as they are both nonionic surfactants with no affinity to adsorb to the membrane surface. In order to determine the effect of internal water phase and effect of PGPR molecules on the membrane surface and the droplet size four different tests were performed using a membrane with 15 μm pores and 200 μm pore spacing, and the results are presented in the Fig. 3 . After each experiment the membrane was ultrasonically treated for 5 min in NaOH, then dried, followed by ultrasonication for 5 min in 10% HCl and dried again. After washing in the base and acid the membrane was left in the wetting agent for 1h. In all experiments 2% Pluronic F68 was used as the continuous phase.
Results and discussion
In the first experiment pure pumpkin seed oil was used as the dispersed phase. The experiment was repeated three times and the average value for d(v,0.5) is presented the error bars indicating the highest and the lowest values obtained. d(v,0.1) and d(v,0.9) are presented for information in Fig. 3 . The average droplet size produced using the fresh membrane was 124 μm and the reproducibility of the experiment was good (see Another factor that may influence the drop size being formed during membrane emulsification is the viscosity of the dispersed phase, which is likely to be greater for the W/O p dispersion, as well as the ability of the surfactant to stabilise the emerging oil drop. All the interfacial tensions reported in Table 2 are equilibrium values, and it is possible that a dynamic interfacial tension may be more relevant, if the rate of diffusion of the stabilising molecules to the emerging drop is low. An analysis of the droplet formation time was performed for a flux rate of 2000 l m -2 h -1 using a 20 μm pore size membrane. The drop formation time varied from 0.3 to 0.5 seconds depending on whether 10 to 18% of the available pores were generating drops.
Following the analysis of van der Graaf et al [33] , these times correspond to a region where the rate of increase in interfacial area will be low, but there may still be a slight increase in interfacial tension over the equilibrium value and, therefore, increased drop size. The effective diffusion coefficient of Pluronic F68 is reported as 1.9×10 -11 m 2 s -1 [34] while for Tween 20 Luschtinetz and Dosche reported a value of 7.7×10 -11 m 2 s -1 [35] . Since the loading of the interface with surfactant is directly proportional to the effective diffusion coefficient [33] , it will take longer for Pluronic F68 molecules to stabilise the forming oil droplet which may also explain the larger diameters presented in Fig. 4 [27] , mean droplet size decreases with increasing shear stress. The shear stress on the membrane surface does depend on the distance from the axis of rotation and reaches its greatest value at the transitional radius. Since the shear stress on the membrane surface is not constant the average shear stress, equation (2), is more representative in the case of the whole membrane which was used here. Since the model, equation (1), does not take into consideration the flow rate of the discontinuous phase, it is expected that the model will be closest to predicting the droplets produced using a very low flow rate, as shown in Fig. 5 . Droplets produced using the higher flow rate followed the same trend as the one produced at lower transmembrane flux: increase of rotation speed decreased the droplet size, but the sizes of droplets produced at the higher transmembrane flux caused deviation from the model. Two explanations of this phenomenon are possible. First, the detachment of the droplet is not instantaneous but requires a finite time t neck , the necking time, during which an additional amount of dispersed phase flows into the droplet [36] . Therefore, the resultant droplet volume, V, is larger than the one estimated by the force balance model and can be expressed as [36] : Encapsulation efficiencies were calculated using equation (7) and were found to be greater than 90% in all cases, and 98% at best. Images of fresh In Fig. 7 the release of copper into the exterior water phase is presented in terms of encapsulation efficiency with respect to time. Three different rotation speeds were used to generate the W/O/W emulsion: giving drop sizes of 165, 107 and 92 μm at paddle rotation speeds of 900, 1200 and 1500 rpm respectively. At the higher drop sizes there appears to be a period during which there is only very limited release, which is similar to what is illustrated in Fig. 6 : where the encapsulation efficiency is constant for 6 days. At the smaller size illustrated in Fig. 7 (i.e. 92 μm) this initial period does not exist. However, the release profile is clearly not simply diffusion based: Fig. 7 has a model release curve included based on equation (3) using an extremely low (best fit to the data) effective diffusion coefficient of 210 -16 m 2 s -1 .
The data clearly does not fit the diffusional curve very well, and the data illustrated by the larger sizes is an even poorer fit to a diffusion curve. It is notable that the release rate is higher with smaller drop size, as would be expected for an interfacial area based transfer mechanism, but even a simple mass transfer coefficient based model would provide a release curve, unlike the near-linear release rate obtained from the smallest size, and the delayed release curves obtained at the larger drop sizes.
Conclusions
The Dispersion Cell and flat disc nickel membranes was used to produce narrow size distribution droplets of multiple emulsions containing unrefined pumpkin seed oil with controllable volume median diameters from 100 to 430 μm. For most of the work, membranes with 20 and 40 µm pores with 200 µm pore spacing were used, and it was possible to obtain fluxes up to 3200 L m -2 h -1 while the span in most cases did not exceed 0.5. Extreme cases (low rotation speed and high flux as well as high rotation speed and low flux) were not optimal conditions for production of multiple emulsions and in these few cases the span was higher.
The reproducibility of the experiments was good, showing no irreversible adsorption of the molecules of either surfactant, or oil component, onto the membrane surface, and that after each experiment the membrane surface could be easily cleaned fully regaining its hydrophilicity.
Smaller droplets were produced using Tween 20 as a surfactant to stabilise the W/O/W emulsion than Pluronic F68, which was attributed to the lower interfacial tension and the more rapid diffusion of the Tween molecules and, therefore, shorter time needed for stabilizing the forming droplets.
Shear stress is the most effective way to regulate the droplet size: with an increase of the rotation speed by 5.7 times the droplet size decreased 2.6 times for a given membrane pore size. To measure the encapsulation efficiency, and the release rate, copper was encapsulated in the internal water phase. In all experiments the initial encapsulation efficiency was more than 94%. After 15 days encapsulation efficiency for the biggest droplets was 7.5 times higher than for the smallest droplets due to the smaller surface area through which copper could be released. However, the mechanism for release of the internal phase is complex: for the larger sizes there is a significant initial period with no release, followed by a roughly linear region of release with respect to time. For the smaller drops, less than 100 μm, the initial period of zero release was not observed. Table 1 The composition of W 1 /O/W 2 emulsions prepared in this work.
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